We have successfully prepared amorphous MoS 3 (a-MoS 3 ) by ball milling a mixture of Mo metal and sulfur and investigated structural changes during the charge-discharge processes. The XPS measurements revealed that a-MoS 3 should consist of Mo 4+ , S 2 2− , and S 2− . In the XRD profiles of the a-MoS 3 electrodes after the initial discharge and charge tests, only the halo patterns due to the amorphous state were observed without crystalline diffraction peaks. The HR-TEM observations of a-MoS 3 electrodes during the 1st discharge process revealed that the lattice fringes due to MoS 2 layer structure disappeared gradually. However, the lattice fringes like MoS 2 were also observed after the 1st charge. The HR-TEM image after the 10th charge did not show the lattice fringes of MoS 2 . These results of HR-TEM observations suggested that the reversible structural changes of a-MoS 3 occurred.
Introduction
Recently, conventional lithium-ion batteries are widely used in portable electronic devices such as cell phones and personal computers.
1,2 However, serious safety problems become obvious when increasing the battery size for vehicle application. To remove safety hazards of flammability and leakage, the replacement of organic liquid electrolyte by inorganic solid electrolytes is effective. In addition, inorganic solid electrolytes have single ion conduction, which is difficult to realize in organic liquid electrolytes. Therefore, all-solid-state lithium secondary batteries with inorganic solid electrolytes attract much attention as next generation batteries.
Practical realization of all-solid-state lithium batteries should require solid electrolytes with high Li ion conductivity. Recently it is revealed that sulfide-based solid electrolytes such as Li 10 GeP 2 S 12 crystals 3 and Li 2 S-P 2 S 5 glass-ceramics 4 show high lithium-ion conductivity of over 10 ¹2 S cm ¹1 at room temperature, which is as high as that of conventional organic liquid electrolytes. In all-solidstate batteries, high energy density can be achieved using the following two approaches: the use of extremely high-capacity active materials and the fabrication of high-voltage cells by stacking electrode and electrolyte layers. High capacity of the batteries can be achieved by using active materials with a large content of sulfur. Elemental sulfur is one of the most promising positive electrode materials because of its high theoretical specific capacity of 1672 mAh g ¹1 , which is at least 5 times higher than that of the transition metal oxides such as LiCoO 2 . 5, 6 However, low electronic conductivity is a drawback of sulfur. We thus focus on transition metal trisulfides such as TiS 3 with high electronic conductivity and larger sulfur content than TiS 2 as a typical transition-metal sulfide electrode. Moreover, amorphization of active materials is potentially capable of achieving higher capacity and cyclability because of open and random structure in amorphous materials. However, reported literature on amorphous electrodes is limited, compared to those of crystalline electrodes. Within that literature amorphous oxide based electrodes, [7] [8] [9] [10] [11] amorphous sulfide based electrodes [12] [13] [14] [15] [16] [17] and amorphous phosphorus based electrodes 18, 19 were reported. For example, amorphous V 2 O 5 exhibited better rechargeability than crystalline V 2 O 5 . 7 A coin-type cell with amorphous MoO 2 electrode showed particularly higher capacity and better rate capability than that of the cell with crystalline MoO 2 . 8 Ku et al. reported that the cell performance was improved because the structural defects in amorphous MoO 2 acted as a Li + storage site. Moreover, amorphous phosphorus-carbon composite electrodes in the liquid-type cells using an organic liquid electrolyte showed a high reversible capacity about 1740 mAh g ¹1 for 100 cycles. 18 We have studied amorphous transition metal sulfides as a positive electrode material in all-solid-state lithium batteries. [20] [21] [22] All-solidstate cells with amorphous TiS 3 prepared by ball milling showed better cyclability than liquid-type cells with crystalline TiS 3 reported. 20, 21 In addition, the first discharge capacity of the allsolid-state cell with amorphous TiS 3 exhibited approximately 400 mAh g ¹1 , which is higher than the initial capacity of the liquid-type cell with crystalline TiS 3 (ca. 350 mAh g ¹1 ). Moreover, amorphous TiS 4 and amorphous NbS x (x = 3, 4, 5) were reported by Sakuda et al. [23] [24] [25] The liquid-type cells using amorphous NbS x (x = 3, 4, 5) showed high discharge capacities. 25 Their initial discharge capacities were 281, 446, and 596 mAh g ¹1 , respectively. Therefore, amorphization of active materials is effective for batteries with both organic liquid electrolytes and solid electrolytes.
Very recently, we have reported that amorphous molybdenum trisulfide (a-MoS 3 ) electrode active materials prepared by mechanical milling showed high reversible capacity (about 670 mAh g ¹1 ) for 60 cycles in the all-solid-state lithium batteries with Li 2 S-P 2 S 5 glass-ceramics at room temperature. 22 However, the electrochemical reaction mechanism of a-MoS 3 has not been identified yet. In order to improve the battery performance, it is important to understand the reaction mechanisms of a-MoS 3 in the all-solid-state lithium batteries.
In this study, we investigated microstructures and morphologies of a-MoS 3 electrodes before and after charge-discharge processes by XRD, scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HR-TEM) experiments. Moreover, the electronic states of molybdenum and sulfur in a-MoS 3 were examined by X-ray photoelectron spectroscopy (XPS).
Experimental
Amorphous MoS 3 (a-MoS 3 ) electrode active materials were prepared using mechanical milling. 22 Reagent-grade Mo metal (99.9+%; Aldrich) and sulfur (99.98%; Aldrich) were used as starting materials. The atomic ratio of Mo to S in the starting mixture was 1:3.
a-MoS 3 prepared by mechanical milling was characterized by the X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher Scientific) with a Monochromatic AlKA source (1486.6 eV), and binding energies were calibrated with the adventitious C1s peak to 284.7 eV. The samples were treated in a dry Ar glove box and transferred to an analysis chamber with an Ar filled transfer vessel.
All-solid-state electrochemical cells were fabricated as follows. The 80Li 2 S·20P 2 S 5 (mol%) solid electrolyte was prepared by mechanical milling and then heated at 210°C for 1 h. 26 a-MoS 3 prepared by milling was used as an active material. The working electrode was prepared by mixing of a-MoS 3 , the 80Li 2 S·20P 2 S 5 solid electrolyte and acetylene black with the weight ratio of 40:60:6. The obtained working electrode (10 mg) and the solid electrolyte were placed in polycarbonate tube (10 mm in diameter) and pressed together under 360 MPa. A Li-In alloy was put on the solid electrolyte layer as a counter-reference electrode. Then pressure of 120 MPa was applied to the three-layered pellet. Finally, two-electrode cells sandwiched by two stainless-steel disks as a current collector were obtained. All processes described above were conducted in a dry Ar glove box.
The electrochemical tests were conducted at 25°C in Ar atmosphere using a charge-discharge measuring device (BTS-2004; Nagano Co.). To analyze the structure of the working electrode, XRD, scanning electron microscopy (SEM) and highresolution transmission electron microscopy (HR-TEM) for the working electrode after the charge-discharge tests were done using an X-ray diffractometer (CuKA, UltimaIV; Rigaku Corp.), SEM (S-4800; Hitachi High-Technologies) and HR-TEM (JEM-2100F; JEOL). The cross sections of the working electrodes were prepared by using an ion milling system that employs an Ar ion beam (E-3500; Hitachi High-Technologies). Ion milling to obtain a smooth cross-section was conducted for the samples transferred with an Ar filled vessel to prevent exposing the samples to air. For HR-TEM observation of the working electrodes before discharge, after the 1st discharge, 1st charge, 10th discharge and 10th charge, the cells were disassembled and then the a-MoS 3 composite electrodes were scratched in an Ar glove box. The obtained powders were placed on a carbon grid for TEM observation without any ion-milling treatments. These powders were packed in a folder to maintain inert atmosphere, and were then transferred to the TEM apparatus.
Results and Discussion
In our previous paper, 22 it has already been reported that the a-MoS 3 active material prepared by ball milling showed a halo pattern due to the amorphous state in the XRD profile. For HR-TEM observation, a-MoS 3 has the nano-scaled regions with the lattice fringes of about 6 ¡, which almost coincides with lattice spacing of 002 plane in the MoS 2 crystal. In this study, however, the prepared MoS 3 is regarded as amorphous state, and is denoted as amorphous MoS 3 (a-MoS 3 ). Figure 1 shows the S2p and Mo3d XPS spectra of a-MoS 3 prepared by ball milling. In addition, the spectra of crystalline MoS 2 , sulfur and MoO 3 are also shown for comparison in Fig. 1 . Each doublet was comprised of S 2p 3/2 and S 2p 1/2 components. The peak energy separation (1.2 eV) of each doublet was set during peak fitting. The S2p XPS spectra of crystalline MoS 2 and elemental sulfur showed the only one S 2p 3/2 peak contribution at 162.5 eV and 164.0 eV, respectively. The S 2p 3/2 peak of crystalline MoS 2 at 162.5 eV was characteristic of S 2¹ , agreeing well with a literature reported. 27 Similarly, the S 2p 3/2 peak positioned at 164.0 eV was attributable to cyclic octa-atomic elemental sulfur. 28 On the other hand, a-MoS 3 showed the two S 2p 3/2 peaks contributions at 162.2 and 163.4 eV. Nazar et al. have reported that the S 2p 3/2 peak attributable to S 2¹ in Li 2 S and S 2 2¹ in Li 2 S 2 were observed at 160.2 eV and 161.7 eV, respectively. 29 Thus, the structure of the sulfur such as S 2
2¹
, which has a S-S bond, was observed at higher binding energy than S
. Moreover, the cyclic octa-atomic elemental sulfur was not observed in a-MoS 3 . Therefore, the elemental sulfur as the starting material was completely reacted with molybdenum metal by the mechanical milling technique. It is suggested that a-MoS 3 consisted of S 2¹ and S 2 2¹ species. The fitted S 2¹ /S 2 2¹ peak ratio was 2/1.
The Mo3d XPS spectra of a-MoS 3 , crystalline MoS 2 and crystalline MoO 3 were observed. Each doublet was comprised of Mo 3d 5/2 and Mo 3d 3/2 components. The peak energy separation (3.1 eV) of each doublet was set during peak fitting. The Mo 3d 5/2 peak of crystalline MoS 2 at 229.4 eV was characteristic of Mo 4+ . 27 The Mo 3d 5/2 peak positioned at 229.4 eV was also observed in a-MoS 3 sample. In addition, the one peak of S2s was observed at . The 1st and 10th charge-discharge curves of the all-solid-state cell Li-In/80Li 2 S·20P 2 S 5 glass-ceramic/a-MoS 3 and the XRD profiles of working electrodes with a-MoS 3 before and after the initial charge-discharge cycle and after the 10th charge are shown in Fig. 2(a) and (b) , respectively. Charge-discharge measurements of the cells were conducted at the current density of 0.064 mA cm ¹2 at 25°C. The cell using a-MoS 3 showed the initial reversible capacity of about 760 mAh g ¹1 . The 5.2 mol Li + was intercalated and deintercalated in a-MoS 3 active materials at the initial cycling test. The reversible capacity decreased gradually with increasing cycle number. The cell using a-MoS 3 showed the reversible capacity of about 670 mAh g ¹1 (4.8 mol Li + ) at the 10th cycle. The silicon peaks were observed in all XRD profiles. Silicon was used as an internal standard in XRD measurements. The Li 2 S-P 2 S 5 solid electrolyte used in this study, partially included Li 2 S crystal and thus the peaks attributable to Li 2 S were observed slightly in all the XRD profiles for the electrodes before and after initial cycle and after the 10th charge. In addition, a halo pattern due to the a-MoS 3 active material was mainly observed in all the XRD profiles. By comparing the XRD profiles of the electrodes after the initial charge-discharge measurement with that before the measurement, it is revealed that no diffraction peaks due to crystalline Mo and S were observed. These results implied that the amorphous state of the a-MoS 3 active materials should remain intact during the 10 cycles.
The cross-sectional SEM images of the working electrodes using a-MoS 3 (a) before and (b) after the initial charge-discharge measurements are shown in Fig. 3 . As understood in Fig. 3(a) and (b), there were no morphology changes of a-MoS 3 after the initial charge-discharge measurement. Bright parts were observed in aMoS 3 before and after the initial charge-discharge process and the origin of the contrast in a-MoS 3 has not been identified. Moreover, good contacts between a-MoS 3 and solid electrolytes were kept during the initial cycle. Figure 4 shows the HR-TEM images of a-MoS 3 in the intermediate states of (a) 1.0 V, (b) 0.5 V and (c) 0 V (full discharge) vs. Li-In during the 1st discharge process. The electron diffraction patterns are shown in the inset of Fig. 4(a-c) . Lattice fringes due to MoS 2 layer structures (yellow dotted circles) were observed in the HR-TEM images of a-MoS 3 electrode active materials during the 1st discharge process. However, the number of regions with the lattice fringes observed in the HR-TEM images decreased gradually with increasing the depth of discharge. After the 1st discharge to 0 V [ Fig. 4(c) ], the lattice fringes due to the MoS 2 layer structures disappeared in a-MoS 3 electrodes and a halo pattern due to the amorphous state was observed in the electron diffraction pattern. These results suggest that the local nano-scaled regions with the lattice fringes changed gradually into the amorphous state during the discharge process. In addition, it was found that the HR-TEM image obtained in the a-MoS 3 electrodes after the 1st full discharge showed regions with bright and dark contrast separately, as shown in Fig. 4(c) . Moreover, the STEM-HAADF image displaying in Fig. 4(d) shows separated regions with bright and dark contrast. It is significant that in the STEM-HAADF image regions consisting of elements with larger Z number should be observed as a bright contrast, suggesting that regions with a large amount of Mo can be seen as bright contrast and, on the other hand, regions with a large amount of S can be seen as a dark contrast. The a-MoS 3 electrode Electrochemistry, 83(10), 889-893 (2015) material was separated into two distinct nano-scaled regions; one with a large amount of Mo (blue) and the other with a large amount of S (red) after the 1st discharge, as shown Fig. 4(d) . Figure 5 shows (a) HR-TEM image, (b) electron diffraction pattern and (c) its intensity profile of a-MoS 3 electrode after the 1st charge. The HR-TEM image showed random distribution of nanoscaled domains with curved lattice fringes in the a-MoS 3 electrode after the 1st charge. The microstructures obtained in the a-MoS 3 electrode after the 1st charge almost coincided with those of a-MoS 3 before charge-discharge process. On the other hand, in the electron diffraction pattern, diffraction spots due to the crystalline was not observed, as shown in Fig. 5(b) . Debye rings without diffraction spots were observed in the electron diffraction pattern. It is noteworthy that Fig. 5(c) shows the intensity profile obtained along the dotted line in the ED pattern of Fig. 5(b) and the origin in the horizontal axis in Fig. 5(c) corresponds to the direct 000 spot in the ED pattern. The peak positions of the intensity profile can be identified as those of the crystalline MoS 2 . The present TEM observation suggested that the reversible structural changes of aMoS 3 occurred during the 1st discharge-charge process.
The HR-TEM image (a), electron diffraction pattern (b) and its intensity profile (c) of a-MoS 3 electrode active material after the 10th discharge process are shown in Fig. 6 . There is no random distribution of nano-scaled domains with curved lattice fringes in the a-MoS 3 electrode after the 10th charge in the HR image of Fig. 6(a) . On the contrary, there appeared nano-scaled regions with lattice fringes, as indicated by yellow circles in Fig. 6(a) . This result suggests that a-MoS 3 after the 10th discharge had nano crystals. Debye rings with weak intensity were observed in the electron diffraction pattern [ Fig. 6(b) ]. Figure 6 (c) shows the intensity profile obtained along the dotted line in the ED pattern of Fig. 6(b) and the origin of the intensity profile in Fig. 6(c) corresponds to the direct 000 spot. The peak positions of the intensity profile were consistent with peak positions calculated based on the lattice parameters of the crystalline Li 2 S with space group of Fm 3m. In addition, there is a possibility of forming Mo-doped Li 2 S crystal. It is expected that the intensity of 220 peak increases with an increase of substitution of Mo for Li in Li 2 S crystal. Because an intense 220 peak was not observed in Fig. 6 (c), Li 2 S or its solid solutions where a small amount of Mo is substituted for Li was precipitated after the 10th discharge process. Figure 7 shows the (a) cross-sectional SEM image of working electrode using a-MoS 3 and (b) HR-TEM image of a-MoS 3 electrode after the 10th charge process. The electron diffraction pattern is shown in Fig. 7(b) . There was no drastic change of the morphology of a-MoS 3 , as displayed in Fig. 7(a) . In addition, the good interface contact between a-MoS 3 electrode and sulfide solid electrolyte remained after the 10th charge-discharge test. The lattice fringes attributable to both Li 2 S nano crystal and MoS 2 with layer structure in a-MoS 3 electrodes were not observed in HR-TEM image of Fig. 7(b) . Halo pattern was observed in the electron diffraction pattern. Thus, the electrodes after the 10th charge were completely Electrochemistry, 83(10), 889-893 (2015) amorphous. These results revealed that amorphization of the electrodes gradually proceeded with increasing the cycle number. The all-solid-state lithium batteries with a-MoS 3 showed the high reversible capacity and good cyclability because amorphous structure maintained during charge-discharge processes. In order to understand the electrochemical reaction mechanism of a-MoS 3 in detail, the change of the electronic states of molybdenum and sulfur during charge-discharge tests is needed to investigate, and XAFS and XPS analyses for a-MoS 3 electrodes will be done in the near future.
Conclusions
We have successfully prepared amorphous MoS 3 by ball milling of the mixture of Mo metal and sulfur and investigated structural changes during the charge-discharge processes. The XPS measurements revealed that amorphous MoS 3 should consist of Mo . In the XRD profiles of the a-MoS 3 electrodes after the initial discharge and charge tests for 10 cycles, only the halo patterns due to the amorphous state were observed without the crystalline diffraction peaks. These imply that MoS 3 electrodes after the 10th charge-discharge measurements were characterized as the amorphous state. In addition, good interface contacts between a-MoS 3 electrodes and sulfide solid electrolytes retained during 10 cycles. The HR-TEM observations of a-MoS 3 electrodes during the 1st discharge test revealed that the lattice fringes due to MoS 2 layer structure disappeared gradually. After the 1st full discharge, the lattice fringes were not observed and the electron diffraction showed halo pattern. However, the lattice fringes like MoS 2 were observed again after the 1st charge. These results of HR-TEM observations suggested that the reversible structural changes of a-MoS 3 occurred. The HR-TEM image after the 10th charge showed no lattice fringes of MoS 2 . It is concluded that MoS 3 after the 10th charge was completely amorphous. The all-solid-state lithium batteries with a-MoS 3 showed the high reversible capacity and good cyclability because amorphous structure maintained during charge-discharge processes.
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